Lithium metal is the most attractive anode material for batteries because of its high specific capacity (3861 mAh g −1 ) and low negative potential (−3.04 V vs. NHE). However, lithium dendrite growth during lithium deposition leads to serious safety problems and poor cycling performance. The conventional liquid electrolyte used in lithium-ion batteries results in significant lithium dendrite formation at room temperature and a high current density. Thus, there has been much research effort to achieve the suppression of lithium dendrite formation. Recently, a new class of non-aqueous liquid electrolyte with a high concentration of lithium salts, such as solvated ionic liquid and solvent-in-salt electrolytes, has been reported to suppress lithium dendrite formation. Solid polymer electrolytes have been known to suppress lithium dendrite formation; however, the low lithium ion conductivity and high interface resistance between lithium and the polymer electrolyte at room temperature limits their use for conventional batteries. The interface resistance was significantly decreased by the addition of an ionic liquid into a polymer electrolyte and lithium dendrite formation was suppressed. A theoretical analysis predicted that if a homogenous solid electrolyte with a shear modulus of 6 GPa was obtained, then the lithium dendrite problem would be solved. However, some lithium conducting solid electrolytes such as Li 7 La 3 Zr 2 O 12 still exhibit lithium dendrite formation. In this review, we introduce the recent status of lithium dendrite formation on lithium metal in contact with liquid, solid polymer, and solid electrolytes.
Introduction
Rechargeable batteries with lithium metal anodes were proposed 40 years ago 1 and there has been intensive R&D efforts since. However, lithium dendrite formation during lithium deposition in liquid electrolytes leads to serious safety problems, and lithium rechargeable batteries with lithium anodes have not been commercialized, except for only a short period. 2 Recently, high energy density batteries such as lithium-air and lithium-sulfur have been the focus as new energy sources for electric vehicles (EVs) because of their high theoretical specific energy density, as high as 3505 Wh kg ¹1 for lithium-air and 2568 Wh kg ¹1 for lithium-sulfur, which are several times higher than that of 387 Wh kg ¹1 for the conventional lithium-ion battery with a carbon anode and an oxide cathode. 3 The cathodes for lithium-air and lithium-sulfur batteries contain no lithium, therefore a lithium metal or a lithium metal alloy should be used as the anode.
In the last 30 years, lithium dendrite formation on the lithium electrode from liquid electrolytes [4] [5] [6] and polymer electrolytes [7] [8] [9] [10] [11] has been widely studied. Lithium deposition on a lithium electrode from a conventional non-aqueous liquid electrolyte used for lithium-ion batteries resulted in lithium dendrite formation for a short period of polarization. For example, the Li/1M LiPF 6 in ethylene carbonate (EC)-dimethyl carbonate (DMC)-ethyl methyl carbonate (EMC) (1:1:1 volume ratio)/Li cell was short-circuited after 650 s polarization at 1.0 mA cm ¹2 and 15°C. 6 Short-circuiting occurred even with polymer electrolytes, although to a lesser extent than that with a liquid electrolyte. The typical lithium ion conducting polymer electrolyte of polyethylene oxide (PEO) with Li(CF 3 SO 2 ) 2 N (LiTFSI) exhibited short-circuit by dendrite formation after 15 h polarization at 1.0 mA cm ¹2 and 60°C. 11 The lithium dendrite shortcircuit period is dependent on the current density. 12 Batteries for EVs should be operated at a high current density such as several mA cm ¹2 or more at room temperature. Most approaches to the prevention of lithium dendrite formation have focused on improving the stability and uniformity of the solid electrolyte interphase (SEI) 13 layer produced between lithium metal and the electrolyte by the addition of SEI formation additives such as CO 2 , SO 2 14 and vinylene carbonate. 15 However, these additives are ineffective in suppressing lithium dendrite during long-term operation, because they are consumed during formation of the SEI films. More recently, new liquid electrolytes have been proposed to suppress the lithium dendrite formation by many groups. Zhang and co-workers reported that selected cations such as cesium or rubidium ions prevented lithium dendrite formation and they proposed a self-healing electrostatic shield mechanism. 16 Suo et al. reported that a liquid electrolyte with a high lithium salt concentration (solvent-in-salt) of LiTFSI in dimethoxyethane (DME)-1, 3 dioxolane (DOL) (1:1 volume ratio) suppressed lithium dendrite formation. 17 Zhang and co-workers 18 also reported that a copper-lithium cell with a high concentration lithium salt liquid electrolyte of lithium bis(fluorosulfonyl)imide (LiFSI) in DME could be cycled at 4 mA cm ¹2 for more than 1000 cycles with an average coulombic efficiency of 98.4% at room temperature. Imanishi and co-workers 19 presented a successful result for the lithium metal anode in a solvated ionic liquid of LiFSI-tetraethylene glycol dimethyl ether (G4) at 60°C. An alternative approach is to mechanically suppress the growth of lithium dendrite formation. A lithium ion conducting electrolyte with a shear modulus more than 6 GPa was predicted to be capable of suppressing lithium dendrite growth. 20 Aetukuri et al. 21 reported a protective layer that consisted of a flexible lithium conducting composite membrane of a single layer of Li 1.6 Al 0.5 Ti 0.95 Ta 0.5 (PO 4 ) 3 particles firmly embedded in a polymer matrix with the top and bottom surface exposed to allow for ionic transport. Lithium dendrite formation from the PEO 18 LiTFSI polymer electrolyte was improved by the addition of nanosize SiO 2 and an ionic liquid of N-methyl-N-propylpiperidinium bis(trifluoromethanesufonyl)imide (PP13TFSI), whereby the short-circuit period at 1.0 mA cm ¹2 was extended from 15 h to 37 h. 22 Research on the suppression of lithium dendrite formation on the lithium anode has significantly improved over the last 40 years; however, rechargeable batteries with lithium anodes have not yet been commercialized, because the long term stability of the lithium metal anode has not yet been established. According to the strong demand for high specific energy density lithium-air and lithiumsulfur batteries for EVs, an acceptable lithium electrode should be developed. In this review, we review the mechanism of lithium dendrite formation and recent methods to suppress lithium dendrite formation in view of the anode for lithium-air and lithium-sulfur batteries.
Mechanism for Lithium Dendrite Formation on a Lithium Electrode
Electrochemical metal deposits often assume a branch-or bushlike morphology, which are referred to as dendrites. Dendrites are common during the electrodeposition of most metals. The dendritic deposition of metals from an electrolyte solution is old subject; however, the detailed molecular mechanism associated with dendrite nucleation and growth remains poorly understood. The mechanism for lithium metal electrodes is particularly complicated. The SEI passivating layer forms immediately on the lithium electrode after contact with the electrolyte because lithium is thermodynamically unstable in contact with almost all polar aprotic solvents and most of the commonly used salt anions of 26 emphasized the contribution of the grain boundary to the overall impedance of the SEI. The SEI resistance is typically in the range of 10 to 1000 ³ cm 2 . The SEI films formed on lithium can be easily cracked during both lithium deposition and dissolution, which leads to dendrite formation and a significant loss of both lithium and solution species due to the surface reaction and the repair of the surface film.
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The basic mechanisms involved in the deposition of a fractal aggregate from a binary electrolyte were proposed by Chazalviel in 1990 . 27 In addition, Rosso et al. 28 examined the experimental results for the electrodeposition of copper from CuSO 4 , whereby it was shown that the growth of filaments provides a way to prevent the space charge from increasing arbitrarily. The growth velocity increases until it is equal to the drift velocity of the anion in the electric field in the bulk solution. The system then reaches steadystate. Chazalviel 27 proposed a model to explain the onset of ramified deposition as follows; homogeneous deposition is first postulated and calculated in a one-dimensional approximation, where it is shown to include the formation of a space charge and a very high electric field in a narrow region close to the cathode. The growth of ramified metallic electrodeposition in dilute salt solutions is essentially driven by the space charge that tends to develop upon anion depletion near the cathode. Rosso and co-workers 8, 9, 29, 30 and Liu et al. 31 have extensively studied lithium dendrite formation for the Li/PEO-LiTFSI/Li cell using a direct in situ observation technique. The experimental results have been compared with the theoretical model proposed by Chazalviel. 27 The evolution of ionic concentrations C a and C c in a binary electrolyte subjected to a constant current density may be described by the following set of equations:
and
where subscripts c and a refer to the cation and anion, respectively, D is the diffusion constant, L is the mobility, and V is the electrostatic potential. The diffusion constants and mobilities are assumed to be independent of concentration. Supposing that z a C a = z c C c = C, where z a and z c are the anionic and cationic charge numbers, respectively, and by eliminating the potential dependent term, we obtain a simple ambipolar diffusion equation:
At the electrodes, the current density is entirely due to the cation (J = J c and J a = 0), hence: where e is the elementary charge. The elimination of the Vdependent term yields the following as the boundary condition:
From this equation, two different behaviors can be predicted for a symmetrical cell of M/electrolyte/M, depending on the interelec- Electrochemistry, 84(4), 210-218 (2016) trode distance L, the initial concentration C o , the diffusion constant D, and the current density J. Solving Eq. (3) with the boundary condition (6) leads to the ionic concentration:
At the time of concentration drop to zero at x = 0, R cc is given by a simple equation:
This is the analog of the Sand onset time for dendrite growth. 32 When the time approaches this critical value, the quasi-neutrality approximation is no longer correct and a space charge develops near the cathode. 27 The electrode potentials thus increase significantly. From Eq. (6), dC/dx is linearly dependent on J. For a given distance L between the electrodes, if dC/dx < 2C/L, then the ionic concentration profile evolves to a steady-state where the concentration gradient is constant 32 and the potential becomes stationary. If dC/dx >2C/L, then the concentration will become zero at the negative electrode at time R cc . The crossover value J*, at dC/dx = 2C/L is given by: , which is the lower than that of J*, steady cell potentials of ca. 0.04 V were observed for 100 h. In contrast, at a high current density greater than J*, an abrupt cell voltage increase was observed after 2000 s polarization, where lithium dendrite formation was observed. At a low current density, the concentration does become zero at the cathode; however, lithium dendrites were observed. 8 We cannot explain the onset of lithium dendrite growth in the framework of Chazalviel's model. The reason for the dendrite formation at low current density is not fully understood at present, but may be due to the presence and/or formation of local inhomogeneity at the electrode surface or the SEI layer. 8, 33 We have observed short-circuiting after cycling before the Sand time at a high current density. 34, 35 As shown in Eq. (8), the dendrite formation onset time of R cc follows a power law with respect to the current density. Figure 2 shows the variation of the lithium dendrite formation onset time R cc , as a function of the current density J, at 90°C. 30 The time R cc follows a power law with respect to J, very close to Sand's theory in the current density range of 0.02 to 0.3 mA cm
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. Liu et al. 10 reported a similar relationship between the lithium dendrite onset time and the current density for a Li/PEO based electrolyte/Li cell at 60°C, where a composite polymer electrolyte of PEO 18 LiTFSI and PP13LiTFSI was used. The log R cc vs. log J curve showed good linearity in the range of 0.1 to 1.0 mA cm ¹1 with a slope of ¹1.25. In this current density range, the dendrite growth could not be explained by the Chazalviel model; however, the local inhomogeneity of the ion concentration, which indicates local fluctuations of current density, may be an important factor, as indicted by Rosso et al. 36 In practice, local geometric fluctuations of the substrate or the SEI layer have a significant influence on the current and ion distributions, which causes dendrite initiation and growth, even at small current densities.
Lithium Dendrite Formation from Liquid Electrolytes
The conventional liquid electrolytes used in lithium-ion batteries allow lithium dendrite growth to proceed. 37 Figure 3 shows a typical cell voltage vs. polarization period curve at 1.0 mA cm ¹2 and various temperatures for the Li/1M LiPF 6 in EC, DMC and EMC (1:1:1 volume ratio)/Li cell, where the thickness of separator is 1 mm. The cell voltages dropped abruptly to zero after a limited time when lithium dendrite growth reaches the counter electrode. The capacity for the dendrite short-circuit is as low as 0.2 mAh at 15°C (2016) and 0.1 mAh at 35°C. There has been several approaches to suppress lithium dendrite formation, such as improving the mechanical properties of the SEI by adjusting the electrolyte composition, [38] [39] [40] exploiting a self-healing electrostatic mechanism, 16 and using a solvent with a high content of lithium salt. [17] [18] [19] The structural rigidity of a SEI layer modified with additives cannot be sustained during extended deposition and stripping. The self-healing electrostatic mechanism is quite attractive, 16 where at low concentration, selected cations (such as cesium or rubidium ions) exhibit an effective reduction potential below the standard reduction potential of lithium. During lithium deposition, these additive cations form a positively charged electrostatic shield around the limited growth tip of the dendrite protuberance without reduction or the deposition of additives. This forces further deposition of lithium to adjacent regions of the anode and eliminates dendrite formation. Figure 4 shows the morphologies of lithium electrodes after 100 charge/ discharge cycles in a Li/1 M LiPF 6 in PC/Li 4 Ti 5 O 12 (LTO) cell, with 0.05 M CsPF 6 and without CsPF 6 in the electrolyte, and the long-term cycling stability and coulombic efficiency at 1 C rate (175 mA g ¹1 of LTO) with a cut-off voltage of 2.5-1.0 V. The lithium electrode in the cell without CsPF 6 exhibited clear dendrite growth behavior, whereas no lithium dendrite was observed in the cell with CsPF 6 and the coulombic efficiency was high at 99.86%. The long term cycling test confirmed the absence of short-circuiting associated with lithium dendrite growth. However, no information for the areal capacity of lithium deposition was reported. The high areal capacity of the lithium anode at high current density is an important requirement for EV batteries.
Suo et al. 17 reported new solvent-in-salt electrolytes 41 with an ultra-high concentration, which consisted of 1-7 M LiTFSI in DME-DOL (1:1 volume ratio), where lithium metal was first deposited on a copper electrode at 0.1 mA cm ¹1 for 13.9 h and cycled at 0.1 mA cm ¹1 for 1.39 h. The metallic lithium anode surface after 280 cycles was more stable in the 7 M electrolyte than in the other electrolytes, as shown in Fig. 5 . Lithium cycling efficiencies in electrolytes with different LiTFSI contents in DME-DOL were investigated using a lithium deposition-dissolution experiment according to Aurbuch et al. 38 In the conventional low salt concentration electrolyte system, the lithium cycling efficiency is estimated to be below 50%. In contrast, a lithium cycling efficiency of 71% was obtained with 7 M LiTFSI in DME-DOL, which is much higher than that of other LiTFSI based non-aqueous electrolytes 42 and is slightly lower than that of 1 M LiPF 6 in PC with 0.05% CsPF 6 16 measured with Aubuch's method. 38 More recently, Zhang and co-workers 18 reported that the use of highly concentrated electrolyte composed of 4 M LiFSI in DME enabled high-rate cycling of a lithium metal electrode without dendrite growth. Figures 6(a) and (b) compare the voltage profiles at different stages of the cycling using 1 M and 4 M LiFSI in DME at 1.0 mA cm ¹2 , respectively. For the 1 M LiFSI-DME cell, although the charging behavior remained the same over 300 cycles, increasingly less lithium could be stripped from the copper electrode as the cycle number increased, which indicates that a significant amount of lithium deposited on the substrate reacted with the electrolyte and could not be recovered during the stripping process. The Cu/4 M LiFSI-DME/Li cell could be cycled at a high rate of 4.0 mA cm ¹2 for >1000 cycles with a stable cycling efficiency of 98.4%, as shown in Fig. 6(d) . The cycling efficiency at 0.2 and 1.0 mA cm ¹2 were 99.1 and 98.5%, respectively, for over 500 cycles. A symmetrical Li/4 M LiFSI-DME/Li cell exhibited long term cycling stability, where the cell could be cycled for over 6000 cycles at 10 mA cm ¹2 for 0.05 h. Scanning electron microscopy (SEM) images of the SEI layer formed on the lithium electrode surface in the 4 M LiFSI-DME electrolyte after cycling was highly compact and did not prevent corrosion of the lithium electrode, which is critical to achieve a high current efficiency and long-term cycling stability. The molecular dynamics (MD) simulations suggested that almost all of the ions in 4 M LiFSI-DME are present as contact ion pairs and solvated aggregates. However, the cyclic performance here was examined at a small specific area capacity of 0.5 mAh cm
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. For the practical use of this electrolyte, experiments should be performed at specific area capacities higher than 10 mAh cm
. Imanishi and co-workers 19 also reported that a solvated ionic liquid of G4 and LiFSI shows excellent cycling performance for lithium deposition and stripping at 60°C. The Li/LiFSI-2G4/Li cell showed no dendrite formation at 6.0 mA cm ¹2 and 60°C for 2 h polarization of charge and discharge after 16 cycles, where the specific area capacity was 12 mAh cm ¹2 . 
Lithium Dendrite Formation from Polymer Electrolytes
Monroe and Newman 20 predicted that if a homogeneous solid electrolyte with a shear modulus of 6 GPa was obtained, then the lithium dendrite problem would be solved. However, such hard solid electrolytes have a serious problem with respect to the interface between the lithium electrode and solid electrolyte. In practice, the lithium metal anode recedes by several microns as the battery discharges, and the solid electrolyte must adhere to the electrode as it recedes, which is not possible if the electrolyte is a simple solid with a shear modulus of 6 GPa. 35 It is well known that the efficacy of adhesives is lost if the modulus exceeds a few megapascals. 43 Thus, polymer electrolytes are the best candidates for high energy density lithium rechargeable batteries with respect to safety and adhesion with the lithium metal electrode.
Since the report by Wright 44 on ionic conducting polymers in 1975, many researchers have attempted to develop high lithium ion conducting polymer electrolytes. 45 However, high lithium ion conducting polymer electrolytes with excellent mechanical properties at room temperature have not been reported to date. The cation transport in the polymer electrolyte is intimately coupled to the segmental motion of the polymer chain. 46 High ionic conductivity is obtained in soft polymers, such as the high temperature PEO phase. 47 , 48 Rosso and co-workers 8, 9, 28 have conducted extensive studies on the lithium dendrite formation mechanism and concluded that a polymer electrolyte with a high salt diffusion coefficient, a high lithium ion transport number, and a high ion concentration could suppress lithium dendrite formation, as predicted from Eq. (8) . The typical polymer electrolytes of PEO 20 LiTFSI 6 and PEO 18 LiTFSI 11 exhibit lithium dendrite formation onset after 0.55 h polarization at 0.7 mA cm ¹2 and 80°C, and after 15 h polarization at 0.5 mA cm ¹2 and 60°C, respectively. The lithium electrode capacities to the lithium dendrite formation onset time, including a 10 µm thick copper foil substrate for PEO 20 LiTFSI at 0.7 mA cm ¹2 and for PEO 18 TFSI at 0.5 mA cm ¹2 , are calculated to be 39 mAh g
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and 688 mAh g
, respectively. The former is lower and the latter is slightly higher than those for the conventional carbon electrode in lithium ion batteries. Lithium dendrite formation has been suppressed by the addition of nano-silica filler, 11 an ionic liquid of PP13TFSI 10 and co-doping of nano-silica and PP13TFSI. 22 The lithium dendrite formation onset time for PEO 18 LiFSI-1.44 PP12TFSI-10 wt% SiO 2 was reported to be 35 h at 0.5 mA cm
¹2
. 22 The capacity of the lithium electrode including a 10 µm copper lead was 2154 mAh g
¹1
, which is more than 5 times higher than that of the carbon electrode. Figure 7(A) shows the cycling performance for the lithium deposition and stripping processes in a Li/PEO 18 LiTFSI-1.44PP13TFSI-10 wt% SiO 2 /Li cell at 60°C, where a constant current of 0.3 mA cm ¹2 was passed for 30 h during each process and the capacity including the copper lead was 800 mAh g ¹1 . No significant change in cell voltage was observed during cycling, and microscope observation of the cell after the cycling test indicated no dendrite formation, as shown in Fig. 7(B) . According to Eq. (8), the dendrite formation onset time is linearly dependent on the diffusion constant of lithium ions in the electrolyte. Figure 8 shows the relation between the lithium dendrite formation onset time (t 0 ) at 0.5 mA cm ¹2 and the inverse of the interface resistance of the Li/polymer electrolyte/Li cell at 60°C. The onset time increased linearly with the increase in the inverse of the interface resistance, which suggests that dendrite formation on lithium metal is associated with the resistance of the SEI between the lithium The interface resistance was mainly due to the contribution of the SEI resistance. 49 Wang et al. 50 also reported that the lithium ion conductivity and salt diffusion constant of PEO 18 LiFSI were significantly enhanced by the addition of G4. The Li/PEO 18 LiFSI-2G4/Li 1+x+y Al x (Ti, Ge)Si y P 3¹y O 12 /saturated LiCl/Pt, air cell showed no short circuit after 25 h at 1.0 mA cm ¹2 and 60°C. The lithium dendrite formation on the polymer electrolyte was improved by the addition of low molecular weight organic compounds and inorganic fillers at high temperatures. However, no polymer electrolytes with high conductivity at room temperature have been reported yet. Therefore, such polymer electrolytes should be developed for conventional lithium polymer batteries; however, this remains a challenging research target. 56 These solid electrolytes exhibit high lithium ion conductivities greater than 10 ¹4 S cm ¹1 at room temperature. In particular, the conductivity of Li 10 GeP 2 S 12 is as high as 1.2 © 10 ¹2 S cm ¹2 , which is higher than that of conventional liquid electrolytes because its lithium ion transport number is unity. The electrochemical stability of Li 3 N is poor, while Li 1+x Al x T i2¹x (PO 4 ) 3 is unstable in contact with lithium metal. Li 10 GeP 2 S 12 is an attractive electrolyte for solid electrolyte lithium batteries; however, no details with respect to lithium dendrite formation have been reported for this electrolyte yet. Shin et al. 57 reported the charge and discharge performance of the Li/Li 10 GeP 2 S 12 /TiS 2 cell at various charge and discharge rates and 30°C. The discharge curves suggested that no short circuit by lithium dendrite formation occurred after 0.2 h at 1.2 mA cm ¹2 or after 5 h at 0.06 mA cm ¹2 . However, the capacity of the deposited lithium was as low as 0.24-0.3 mAh cm ¹2 and no long-term cycling performance was reported. Thus, a long-term cycling test for the Li/Li 10 GeP 2 S 12 /Li cell at a high deposition capacity is desirable.
Lithium Dendrite Formation with Solid Electrolytes
Lithium dendrite formation has been reported for Nb-doped, 58 Ta-doped 59 and Al-doped 60 ¹2 and the diameter of these black circles was increased by the further polarization. The black circles may be due to the lithium dendrite growth at the grain boundary. The mechanism for dendrite formation between lithium metal and the solid electrolyte has yet to be clarified, but the lithium diffusion kinetics at grain boundaries may be a key factor. Recently Suzuki et al. 61 O 12 containing no white areas showed no sudden cell voltage drop, but instead the cell voltage increased gradually with the polarization period. The rapid cell voltage increase after polarization for 850 s was explained by a loss of lithium metal at the anode side, which suggests that the grain boundary-free Li 7 La 3 Zr 2 O 12 suppresses lithium dendrite growth through the electrolyte.
Conclusion
The lithium metal anode is essential to achieve high energy density batteries such as lithium-air and lithium-sulfur with a nonlithium containing cathode. However, rechargeable batteries with lithium anodes have not yet been commercialized. Hydro-Quebed Electrochemistry, 84(4), 210-218 (2016) and 3M have developed polymer electrolyte lithium batteries using a thin lithium-foil negative electrode and a positive electrode that contain vanadium oxide as the active material. The specific calculated energy density is 637 Wh kg
¹1
. 17,000 polymer lithium batteries produced by Avestor Ltd. Canada have been used as backup batteries in telecommunication stations; however, four of the batteries exploded or burst in flames. These accidents are due to the formation of lithium dendrites during the charging process. Thus, lithium dendrite formation should be suppressed batteries for practical applications.
The detailed mechanism associated with dendrite nucleation and growth remains poorly understood. In this decade, several approaches to the suppression the lithium dendrite formation have been proposed and significant improvements have been reported for liquid electrolytes with a high concentration of lithium salts at high current density. However, the detailed performance under practical conditions such as long-term cycling performance at a high areal capacity has not been reported. As such, the mitigation of dendrite formation remains an important experimental and industrial challenge.
